Abstract Rice brown spot (BS) is a chronic disease that affects millions of hectares of rice every growing season, grown by some of the most resource-poor farmers. Despite its widespread occurrence and impact, much still needs to be understood about BS. Reported yield losses in relative terms vary widely from 4 to 52 %. However, accurate, systematic estimates are lacking. BS is conventionally perceived as a secondary problem that reflects rice crops that experience physiological stresses, e.g. drought and poor soil fertility, rather than a true infectious disease. Much remains to be understood about the mechanisms leading to epidemics and crop losses. Quantitative and qualitative knowledge gaps exist in our understanding of the epidemiological processes, sources of resistance and biocontrol methods. In this review we identify several of these gaps, which if filled, could lead to a strong impact on the management of brown spot. We also use the architecture of a simulation model to position and prioritize these knowledge gaps, assess the epidemiological consequences of disease management options on Eur J Plant Pathol (2013) 136:443-457 
Introduction
Rice brown spot (BS), caused by Cochliobolus miyabeanus (Ito and Kuribayashi) Drechs. ex Dastur. (Anamorph: Bipolaris oryzae (Breda de Haan) Shoemaker), is an orphan disease of rice, despite the fact that the disease chronically affects millions of hectares worldwide every year (Chakrabarti 2001; Padmanabhan 1973; Savary et al. 2000a; Zanão Júnior et al. 2009 ). It especially occurs in environments where water supply is scarce and it is often combined with imbalances in plant mineral nutrition, especially the lack of nitrogen. These factors are commonly associated with resourcepoor farmers' fields (Ou 1985; Zadoks 1974) , which at this beginning of the 21st century, are still tilled by the majority of the most resource-poor farmers in the world. These disease-conducive factors also correspond to the often overlooked notion of disease predisposition (Schoeneweiss 1975) . These factors are well documented in other rice diseases of favourable environments, such as sheath blight, bacterial blight, or leaf blast (Ou 1985; Reddy et al. 1979; Savary et al. 1997) . BS might be strongly associated with the combined plant physiological disorders, disease development processes, and disease resistance mechanisms. This association between exposure to physiological stresses and disease development brings about generic and important questions pertaining to interacting metabolic pathways, their genetic bases and the interaction amongst genes or clusters of genes (e.g. Igawa et al. 2005; Timmusk and Wagner 1999) .
BS has been the subject of several earlier reviews (e.g. Padmanabhan 1973; Gangopadhyay and Chakrabarti 1987; Chakrabarti et al. 1992; Chakrabarti 2001) , which provide overviews on the disease. This review is intended to specify knowledge gaps that could lead to much-needed, high-impact research. To pinpoint these knowledge gaps we address a series of linked questions by constructing and using a simple simulation model.
Importance of brown spot
Brown spot has been associated with two major epidemics in India, the first in 1918-19, in the KrishnaGodavari delta and the second, during 1942 in today's India and Bangladesh (Chakrabarti 2001 ). The latter of which has been associated with the Great Bengal Famine (Chakrabarti 2001; Padmanabhan 1973) . One has, however, to remember that the relationship between plant disease epidemics and famines seldom and probably never is simple, as so many other factors lead to major social consequences (Chakrabarti 2001; Zadoks 2008) .
Brown spot is still widely reported across India (Reddy et al. 2010 ) and more generally in the South and South-East Asian countries (Savary et al. 2000a) . It causes yield losses that, on average, are in the range of 10 % of the attainable yield wherever it occurs (Savary et al. 2000b (Savary et al. , 2006 in the lowlands of tropical and subtropical Asia. Therefore, BS is by far one the strongest yield reducers amongst rice diseases today. Further, there is indication that BS is becoming more frequent and severe as drought is becoming more frequent , perhaps due to increased variability in rainfall.
The range of reported yield losses to BS, often expressed in relative terms, is variable from 4 to 29 % (Bedi and Gill 1960) , about 12 %, (Aluko 1975) , from 8 to 23 % (Fomba and Singh 1990 ) from 26 to 52 % (Chakrabarti 2001) . The latter figures represent a broader and higher range because it accounts for losses caused by grain infection. Heavily infected grains are not suitable for human consumption, which may partly explain the impact of BS in the Great Bengal Famine.
Brown spot exemplifies a group of pathosystems with similar epidemiological, biological and environmental attributes having equivalent consequences. One of them is the leaf blotch disease of wheat (Duveiller and Sharma 2009 ), another chronic disease that especially affects the poor in the same regions of the world, especially in South Asia. Other examples include angular leaf spot of bean of Central and South America Bergamin Filho et al. 1997) or alfalfa leaf spot (Thal and Campbell 1988) , with their strong leaf senescence effects and similar implications on plant growth, disease dynamic, and plant-water balance. One may thus consider BS as a model pathosystem for a synergistic understanding on a range of diseases (Savary et al. 2011 ).
Review of knowledge on epidemiology, crop losses and management
Little is known about on the frequency at which BS occurs; the areas that are affected; the intensity of the disease; the magnitude of future changes in frequency, distribution and intensity; and the yield losses the disease may actually cause given the large variation in reported results.
A number of damage mechanisms (Rabbinge and Rijsdijk 1981; Rabbinge and Vereyken 1980; Savary et al. 2006) lead to BS yield losses, in addition to leaf area index (LAI) reduction and presumably selfshading of lesions on underlying canopy. These also include an early senescence of the diseased plants (Klomp 1977 ) a reduction of the number of tillers and a reduction of root and shoot elongation (Vidhyasekharan et al. 1973 ).
Life cycle of brown spot

Primary inoculum
The available information regarding the nature and importance of different sources of inoculum is patchy and mostly non-quantitative. According to Sharma and Maheshwari (1982) and Damicone et al. (2001) primary infections are seed-borne (Damicone et al. 2001; Ellis and Holliday 1971; Nyvall et al. 1995; Ba and Sangchote 2006; Spradley et al. 2003) while secondary infections arise from wind-borne inoculum generated by infested debris such as rice straw and stubble (Ou 1985; Sato et al. 2008) . Soil and some weed hosts also have been reported as inoculum reservoirs (Biswas et al. 2008) .
Infection efficiency
A number of inoculation methods for BS have been tested (Akai et al. 1965; Ba and Sangchote 2006) . Bipolaris oryzae conidia are multicellular, usually germinate bipolarly at maturity and may generate more than one infection point (Ou 1985) . Optimal temperatures for conidial germination (25-30 C) (Nisikado 1923) and hyphal growth (27-30 C) (Nisikado 1923) correspond to optimum temperatures for infection and lesion expansion (Dasgupta and Chattopadhyay 1977; Imura 1940; Sherf et al. 1947) . Increasing leaf wetness periods in rice canopies (Luo 1996) generally led to increased lesion densities (Imura 1940; Percich et al. 1997; Sherf et al. 1947 ). Padmanabhan and Ganguly (1954) demonstrated that the susceptibility of plant tissues increase with their age.
Incubation, latency and infectious periods
As in many necrotrophic foliar pathogens, the incubation period is short (within 24 h) (Klomp 1977; Sarkar and Sen Gupta 1977) . The infectious period initiates rapidly (three to four days) (Ba and Sangchote 2006) and sporulation peaks about 6 days after infection (Sarkar and Sen Gupta 1977) . Results from Sarkar and Sen Gupta (1977) suggest that delays in the BS life cycle are similar to those of Helminthosporium turcicum of maize, approximately 6 and 19 days for the latency (p) and the infectious (i) periods (Levy and Cohen 1980) .
Factors affecting the life cycle and brown spot epidemics
Rainfall and drought
Brown spot is generally not observed in years with regular rainfall (Singh et al. 2005 ) whereas seasons with limited rainfall but heavy dew are conducive to stronger epidemics (Sherf et al. 1947) . Within a 5-year period (2000) (2001) (2002) (2003) (2004) two rainy season crops (2001 and 2003) in India led to terminal severities of 9.2 to 8.8 %, corresponding to accumulated rainfalls of 410.5 to 502.0 mm, respectively. However, in 2002 lower rainfall corresponded with higher severity .
Drought has long been recognized as a key factor favouring BS epidemics. Early studies indicated that water shortage enhances BS (Hemmi and Suzuki 1931; Su 1938) leading to more disease occurring in rain-fed versus irrigated/flooded crop stands (Hegde et al. 1999; Kulkarni et al. 1979 ).
Temperature and humidity
Overall, temperature does not appear to influence BS epidemics (Dasgupta and Chattopadhyay 1977) . However, temperature and humidity, in the form of leaf wetness, interact on infection efficiency (Percich et al. 1997 ). This may explain why decreasing daily minimum temperatures (9.3 to 7.5 C) lead to more severe epidemics (Minnatullah and Sattar 2002) .
Plant nutrition and their interactions on disease development
The literature dealing with soil characteristics, plant nutrition, plant physiology and BS is large and diverse. The interactions between plant mineral nutrition with a range of other factors influencing the disease have also been addressed. Only some main features are outlined here.
Brown spot has long been associated with soil fertility (Damicone et al. 2001; Ou 1985) , for which the disease sometimes is considered a marker. Ou (1985) concluded his review on BS in considering that the main factor governing BS is the "physiological condition of the rice plant", a strong reflection of soil characteristics. The literature has conventionally emphasized mineral deficiencies, e.g. of N (Misawa 1955; Phelps and Shand 1995) , of K (Padmanabhan et al. 1962) , P (Singh et al. 2005) , P and K (Chattopadhyay and Chakrabarti 1965) , N or K (Carvalho et al. 2010; Spradley et al. 2003) , or Si, Mn and K (Wang et al. 1980) . Deficiencies of these elements interact (Chakrabarti 2001; Ou 1985) , which may partly explain the occurrence of optimum response patterns as in the case of N (e.g. Chattopadhyay and Dickson 1960) . Phelps and Shand (1995) documented the interaction between N and P on BS susceptibility and showed an optimum pattern as a function of P supply if the N supply is near optimal. Further, differences in rates of leaching from the soil amongst these elements (Chakrabarti 2001) bring about a link between soil nutrient effects with both soil texture and rainfall patterns. One additional factor is that of the effects of nutrients depend on the redox potential of the soil, which has been described in numerous reports (Ou 1985) .
One element, silicon, stands apart from the others. Si exerts beneficial effects on plant growth and production by alleviating both biological injuries and physiological stresses. Si-based amendments appear to address one of the main causes for susceptibility and could be one avenue for the management of BS in areas where soils are low or limiting in plant-available Si (Datnoff et al. 1991 (Datnoff et al. , 1997 .
Recent advances in the understanding of the molecular mechanisms, specifically transporters involved in Si uptake by roots (Dallagnol et al. 2010; Ma et al. 2006 Ma et al. , 2007 and distribution within the plants (Yamaji et al. 2008 ) may lead to breeding for multiple disease resistance and tolerance to physiological stresses through improvement of the roots' Si uptake capacity and Si distribution within plants.
A shortage of water may result in reduced availability of certain micronutrients (Weil and Holah 1989) because mineral nutrition depends on water uptake (Allaway 1968; Gardner et al. 1985) . Water supply also influences the pattern of BS response in rice to nutrients, as in the case of P, which follows an optimum curve when water is scarce (Singh et al. 2005) .
Therefore complex interactions between water supply, nutrients, soil characteristics and BS are at play. Most of the available reports do not address processes themselves, nor do they provide quantitative factorand-effect relationships. Three factors appear to be critical for a better understanding of BS epidemics and their management: the role of nutrients in disease predisposition, the effect of drought (in interaction with the former component) and the interplay of the first two factors with soil characteristics on the hydromineral plant nutrition.
Host plant resistance (HPR)
Host plant resistance to disease is an effective and economical way to manage BS. However, breeding efforts have emphasized acute diseases such as leaf blast and bacterial blight rather than chronic diseases such as BS (Savary et al. 2011 ) despite the importance of BS.
Sources of resistance
The search for sources of resistance to BS has been a long-standing effort (Chakrabarti 2001; Nagai and Hara 1930) . Satija et al. (2005) identified 15 Oryza sativa entries out of 124 that were classified as resistant (less than 5 % severity). Conversely, Hossain et al. (2004) identified one resistant variety out of 29 entries. Screening of upland rice germplasm, exotic and indigenous to Eastern India, has revealed that partial and complete resistance to the BS pathogen is expressed by several genotypes under field conditions (Shukla et al. 1995) . It seems that the sources of resistance amongst Oryza sativa entries are few and recent research (e.g. Goel et al. 2006 ) has been exploring other pools, especially O. nivara.
Major genes Adair (1941) suggested that resistance was recessive, involving several genes. Later studies showed that resistance, or susceptibility, could be associated with a limited number of genes. Balal et al. (1979) found two dominant genes were associated with resistance, while one gene was associated with susceptibility. Goel et al. (2006) analysed the inheritance of resistance to BS from crosses involving O. nivara germplasm and hypothesized that additive, dominant and gene interactions were involved. Three quantitative trait loci (QTL) were detected in cultivar Tadukan (qBS2, qBS9, qBS11) on chromosomes 2, 9 and 11, respectively (Sato et al. 2008 ) qBS11 being considered as having a major effect. However, Katara et al. (2010) identified 10 QTLs, some of which may be common to the results by Sato et al. (2008) .
Partial resistance
Biological control of brown spot
There have been only a few reports on the improvement of BS control involving biological control agents. However, the use of antagonistic microbes for plant health management has emerged as a viable technology in the recent past. Commercially available antagonistic microbes, mostly belonging to the genera Pseudomonas and Trichoderma, can reduce the damage by direct effects on the pathogens (mycoparasitism, antibiosis, competition for iron) or by improving plant immunity (induced resistance, IR) (Singh et al. 2005) . Direct antagonism has been the key factor in suppression of many soil-borne pathogens, while IR is active against diverse foliar pathogens including both bacteria and fungi (Shoresh et al. 2010) .
Seed treatments with Trichoderma viride or T. harzianum have reduced disease by 70 % (Biswas et al. 2010) . Over 70 % disease reduction has been achieved too from the use of selected Pseudomonas spp. isolates (Joshi et al. 2007; Ludwig et al. 2009 ). Direct foliar application of T. harzianum has also been reported to reduce the disease intensity and significantly improve grain yield, total grain carbohydrate and protein, in addition to a significant improvement in the total photosynthetic pigments in rice leaves (Abdel-Fattah et al. 2007) .
Such an alternative mode of BS management is largely untapped, but holds great promise. Trichoderma spp., well-known mycoparasites, can colonize roots internally and help improving nutrient uptake and mobilization, enhance nitrogen use efficiency, promote root growth and plant biomass, and improve tolerance to various physiological stresses, including soil salinity and drought through the reduction of oxidative damage that stresses cause (Harman 2011; Shoresh et al. 2010) . Use of these microbes could suppress disease through direct antagonism against the pathogen because imbalanced plant nutrition and drought stresses are predisposing factors for BS development. This effect would be combined with improved plant nutrient supply and delayed onset of water deficit in plant tissues (Bae et al. 2009 ) altering plant physiology to the disadvantage of the pathogen. Further, these microorganisms could contribute to the build-up of active plant immunity through the activation of the defence pathways, similar to the effects of P. fluorescens on rice, which induce resistance to sheath blight (Nandakumar et al. 2001) .
Identification of knowledge gaps we wish to address (i). why are BS epidemics so slow to initiate and increase; (ii). why is BS such a persistent disease in some riceproducing areas and less so in others; (iii) . what are the sources of primary inoculum and their quantitative role in the course of epidemics; (iv). how can host plant resistance be best characterized screened and deployed; (v) . what are the physical factors (and the physiology of the host plant) that must be accounted for in so doing; (vi) . what genes (including Quantitative trait loci, QTL) are involved in both susceptibility (resistance) to BS and tolerance to physiological stress, (e.g. drought) and how could they interact; and (vii).what interactions of micro-organisms with the host plant and/or the pathogen trigger could cascade reactions that hamper, or favour, resistance to disease and tolerance to physiological stresses?
The first hypothesis that we put forward is that the genetic bases of rice tolerance to unfavourable physical environment and of rice resistance to the pathogen are connected. If so, addressing one group could produce advances on the other.
A second hypothesis is that scientific advances on BS as a model pathosystem to which many other plant diseases (leaf diseases caused by necrotrophs under harsh environmental conditions and inducing leaf senescence, such as wheat leaf blotch) could enable a synthesis in approaches to understand and manage this group of diseases. This has particular relevance in the context of climate change and global change-induced shortage of resources for agriculture.
Illustration of knowledge gaps using a simple conceptual simulation model Simulation modelling is a powerful approach to: (i) identify knowledge gaps; (ii) quantify reactions of epidemiological processes in response to varying parameters and driving functions; and (iii) explore the outcomes of changes in the contexts under which epidemics take place (e.g. Segarra et al. 2001; .
Knowledge gaps are materialised by parameters, with specific meanings and dimensions (Rabbinge 1982) , which have strong influences on the model's behaviour. Epidemiological reactions to variable conditions include, but are not limited to, the physical environment; they may also include levels of partial resistance (Zadoks 1971) . Changes in contexts where disease may develop involve the levels of primary inoculum or disease control (Van der Plank 1963; Zadoks 1971; Segarra et al. 2001 ) as well as yet-tocome, or possible shifts, in agricultural contexts where epidemics occur.
A simplified simulation model using a time-step of 1 day and a system size of 1 m 2 was developed ( Fig. 1 ) including a series of state variables, which represents sites where infection may take place. The considered system is supposed to be surrounded by equivalent systems (a number of other 1-m 2 crop stands, i.e. a rice field) in a steady state. The state variables are: the numbers of healthy sites (sites), of latent sites (lat), of infectious, not senesced, sites (infC), the number of infectious, senesced (infD) sites, the amount of sites that are removed from the epidemiological process (rem). This structure is similar to that of the model used by and Savary et al. (2012) .
The model incorporates a rate of primary infection (RINF), a rate of crop (site) growth (RG), a rate of senescence of healthy tissues (Ref) and a rate of removal (remov) of tissues from the infectious process (Fig. 1) . RINF in turn depends on the fraction of sites that are available (i.e. non infected) at a given time (COFR), on the intrinsic rate of infection per day, R c ( Van der Plank 1963; Zadoks 1971 ) and on the presence of primary inoculum (INOCPRIM), which determines the onset (Start) of the epidemic. Following Klomp (1977) we set R c at 0.61 t −1
. Note that R c is directly linked to the net reproductive number, R 0 , since: R 0 =∫R c over the time interval: t and t + i, where i is the infectious period (Segarra et al. 2001) .
RINF further depends on two feedback loops representing infections from infectious, not senesced, sites (infC) and from infectious, senesced (infD) sites, respectively.
The model was parameterized using data from the literature. The latency period, p, was derived from Sarkar and Sen Gupta (1977) and Levy and Cohen (1980) and set at 6 days. The value of i, the infectious period, was also derived from Sarkar and Sen Gupta (1977) and Levy and Cohen (1980) and set at 19 days. The duration of the infectious period in the senesced tissue is unknown to our knowledge, but given the structure of the model, depends on the rate of removal. This latter rate depends on a relative rate of removal, which we set to 0.01 d −1 (i.e. 1 % of the senesced, infectious sites are removed daily) following Yoshida (1981) and Willocquet et al. (2000 Willocquet et al. ( , 2004 . The rate of growth was determined on the site size (i.e. average potential lesion size) in a rice canopy, which we derived from (Dasgupta and Chattopadhyay 1977) . The model initiates epidemics when crop stands have 10000 such sites, until they have a maximum site size of 100000 (i.e. sitemax=100000). In order to achieve such a site size in a 120-day period of time (a common crop cycle duration in rice) a relative rate of growth (RG) of 0.1 (i.e. 0.1 new sites produced per healthy site per day) was found appropriate, which concurs with earlier publications (Willocquet et al. 2000 (Willocquet et al. , 2004 Yoshida 1981) . (1) The rates of senescence of diseased and healthy tissues are assumed equal in the model. This implies that, similarly to the lesion distribution, the spatial distribution of senescence is even in the canopy and is driven by disease. This hypothesis is derived from the studies by Klomp (1977) but should be better documented with respect to other senescencerelated factors. (2) The non-senesced tissues were arbitrarily made four times more infectious than senesced tissues. We are not aware of reports quantifying the infectiousness of infected tissues, senesced or not. As a hypothesis, the model considers that an infectious site belonging to a senesced leaf is less likely to infect healthy sites because of the shrivelling and bending of senesced leaves. Infectious sites on senesced leaves are less likely to infect healthy ones that are located primarily in the upper part of the canopy. By contrast, healthy sites surround infectious sites on non-senesced tissues. This hypothesis is consistent with and . Thus we wrote: R c *COFR*(infD*0.8+ infC*0.2)+Start. (3) We chose to start epidemics with 1, 10 and 30 effective propagules infecting on day 20 after crop establishment. We are not aware of reports on the time of onset of BS epidemics. The importance of epidemic onset date and strength can easily be analysed using this model, but their quantification would require specific experimental work. Nevertheless, preliminary runs indicated that there were no observable differences noted among the number of effective propagules at the start of the epidemic and all three choices yielded disease progress curves that concur with the shape of typical BS epidemics (Klomp, 1977; Pannu et al. 2005) .
Some key hypothesis of the model
Observations from the model Figure 2 shows that when the model is run with standard, literature-derived parameters (thin, continuous curve) the simulated BS epidemics behave as reported in the literature (Klomp, 1977; Pannu et al. 2005) . The intrinsic rate of disease increase, R c , has a strong effect on the rate of disease increase and on the level of terminal severity: a 50 % increase in R c results in a three-fold increase in terminal severity. This occurs despite the senescence, and the progressive removal of plant tissues, i.e. despite the faster disappearance of infectious tissues. Conversely, a reduction in R c by 50 % strongly reduces (by about 90 %) the level of terminal severity. This suggests that any factor that reduces R c will have strong effects on disease increase. Since R c = N * E = [Number of effective (deposited) propagules] * [Infection efficiency] (Zadoks 1971) , these factors include: a partial resistance to infection (i.e. a reduction of E); a partial resistance to propagules formation; microclimatic conditions enabling: (i) spore formation, (ii) spore liberation and deposition, and (iii) infection; and host physiological predisposition (water stress, nutrient uptake) and response with respect to infection. The simulated BS epidemics strongly respond to p, the duration of the latency period: a 50 % decrease in p results in a more than three-fold increase in terminal severity; a 50 % increase in p results in an approximately 60 % reduction in terminal severity (Fig. 3) . This suggests that any factor that increases p will have strong effects on disease increase. These factors include: a partial resistance in the latency period; and host physiological predisposition (water stress, nutrient uptake) and response during the host colonisation process.
The simulated BS epidemics are essentially insensitive to variations in RREM (Fig. 4) the relative rate of removal of infected, senesced, tissues. This suggests that this process is not a critical phase of the epidemiological process, nor is it an entry point for disease management.
The simulated BS epidemics respond to INOCPRIM, the amount of primary inoculum, but to a lesser extent than they do to variations in R c and p. This suggests that any factors that decreases INOCPRIM will have some effects on disease increase, but only if INOCPRIM is greatly reduced. These factors include: biological control agents, which are discussed in later a later section of this paper, and the existence and amount of primary inoculum in crop residues or secondary hosts. This therefore suggests that biocontrol, in order to be effective, must result into a large reduction of the primary inoculum.
Our model suggests that to achieve suitable control there needs to be a substantial reduction in initial (e.g., seed-borne) inoculum to measurably suppress BS (Fig. 5) .
Identification of research priorities to address knowledge gaps
Life cycle of brown spot
Primary inoculum
Assessing the respective strength of inoculum from the afore-mentioned multiple sources is difficult. It appears likely that transmission through infected seeds is perhaps a dominant process in many BS epidemics. This indicates that a strong reduction of seed infection in the field, possibly combined with seed treatments (Biswas et al. 2008) , might translate into good disease management. Ludwig et al. (2009) reported reductions in disease severity using both synthetic fungicides and biocontrols as a seed treatment when inoculating leaves and panicles. Our model suggests that to achieve suitable control there needs to be a substantial reduction in initial (e.g., seed-borne) inoculum to measurably suppress BS (Fig. 5) . This entry point for disease management should be addressed as one component of an overall research effort Fig. 6 .
Infection efficiency
Strangely, the above references do not provide specific measures of infection efficiency (E). Little is known of the variation in E, or of the predisposing factors to infection. A good understanding of these factors is key to addressing issues such as the field conditions under which disease may establish, the speed at which epidemics may unfold and the assessment of host plant resistance. A replicable, reliable inoculation technique incorporating quantified measurements of predisposing factors would be a major outcome of research with many applications.
Incubation, latency and infectious periods
We know little about delays (i, p) involved in the disease cycle and the factors influencing them. Many   Fig. 2 Sensitivity of analysis of changes to Rc (± 50 %)in BS pathosystem. Initial parameter values were: INIT sites, 10000; Rc=0.61; RRG=0.1; LP=6 days; sitemax=100000; IP= 19 days; INOCPRIM=10, RINF=Rc *COFR(infD*0.8 =infC*0.2)+Start; RREM=0.01 Fig. 3 Sensitivity analysis of changes in latency period p: ± 50 % authors refer to the incubation period, rather than to the epidemiologically critical residence times, i and p ( Van der Plank 1963) .
Few quantitative data regarding p in BS are available, which do not always concur. Measuring p, its variability the effect of environmental factors and effects of several popular rice varieties, may document a possibly important component of partial resistance. Thus this should be part of an overall research agenda on BS. Measuring i is timeconsuming and often difficult. Yet, its quantification would enable a complete quantitative coverage of the monocycle in BS.
Sensitivity analyses of changes to the intrinsic rate of infection per day (Rc) and thus, of E ( Van der Plank 1963; Zadoks 1971 ) and changes to the infection period (p) indicate that a reduction in Rc or p by 50 % has a significant effect on disease severity (Figs. 2 and 3 ). This suggests that methods that reduce E or increase p could strongly contribute in controlling BS. By contrast, removal of infected tissue seems to have little effect (Fig. 4) and would not seem to be an entry point for control efforts.
Factors affecting the life cycle and brown spot epidemics
Plant nutrition and their interactions on disease development
Recent advances in the understanding of the molecular mechanisms, specifically transporters involved in Si uptake by roots (Dallagnol et al. 2010; Ma et al. 2006 Ma et al. , 2007 and distribution within the plants (Yamaji et al. 2008) , may lead to breeding for multiple disease resistance and tolerance to physiological stresses through improvement of the roots' Si uptake capacity and Si distribution within plants.
Complex interactions between water supply, nutrients, soil characteristics and BS are at play. Most of the available reports do not address processes themselves, nor do they provide quantitative factor-and- 
Host plant resistance (HPR)
Host plant resistance to disease is an effective and economical way to manage BS. However, breeding efforts in rice have emphasized acute diseases such as leaf blast and bacterial blight rather than chronic diseases such as BS (Savary et al. 2011 ) despite its importance.
Quantification of processes and understanding mechanisms underlying resistance
The above elements suggest that work is still required on the topic. There is a need to first identify the respective roles of different genes involved in the resistance of rice to BS. Some genes might be major as suggested by earlier work and might interact with a number of genes with quantitative effects. A second area, which is methodologically connected to the first, is to develop approaches to quantify resistance given the specific conditions under which BS develops, a unified and standardized procedure for testing material is required. A third is to develop a methodology enabling to pinpoint which phase of the disease cycle should be targeted to achieve the largest epidemiological impact. Components of resistance to BS still remain to be defined and linked to results generated by breeders. Further, it appears that no specific quantitative attention has been given to the interaction between partial resistance and environmental factors. For instance, it could well be that some QTLs are better expressed under some specific environments than others. There is also need to explore the linkages, among identified QTLs for drought tolerance and BS resistance.
Biological control of brown spot
There have been only a few reports on the improvement of BS control involving biological control agents. The use of antagonistic microbes for plant health management has emerged as a viable technology in the recent past. Such an alternative mode of BS management is largely untapped, but holds great promise.
Commercially available antagonistic microbes, mostly belonging to the genera Pseudomonas and Trichoderma, can suppress diseases by direct effects on the pathogens (mycoparasitism, antibiosis, competition for iron) or by improving plant immunity (induced resistance, IR) (Singh et al. 2005) . Direct antagonism has been the key factor in suppression of many soil-borne pathogens, while IR is active against diverse foliar pathogens including both bacteria and fungi (Shoresh et al. 2010 ). Seed treatments with Trichoderma viride or T. harzianum have yielded up to 70 % disease reduction (Biswas et al. 2010) . Over 70 % disease reduction has been achieved from the use of selected Pseudomonas spp. isolates (Joshi et al. 2007; Ludwig et al. 2009 ). Direct foliar application of T. harzianum has also been reported to reduce the disease intensity and significantly improve grain yield, total grain carbohydrate and protein, in addition to a significant improvement in the total photosynthetic pigments in rice leaves (Abdel-Fattah et al. 2007 ).
The use of Trichoderma spp., well-known mycoparasites, can help by improving nutrients uptake and mobilization, enhancing nitrogen use efficiency, promoting root growth and plant biomass, and improving tolerance to various physiological stresses, including soil salinity and drought through the reduction of oxidative damage that stresses cause (Harman 2011; Shoresh et al. 2010) . Use of these microbes could suppress disease through direct antagonism against the pathogen because imbalanced plant nutrition and drought stresses are predisposing factors for BS development. This effect would be combined with improved plant nutrient supply and delayed onset of water deficit in plant tissues (Bae et al. 2009 ) altering plant physiology to the disadvantage of the pathogen. Further, these microorganisms could contribute to the build-up of active plant immunity through the activation of the defence pathways, similar to the effects of P. fluorescens on rice, which induces resistance to sheath blight (Nandakumar et al. 2001) .
Biocontrol agents are likely to interact with other disease management elements, especially host plant resistance, as well as plant growth related or abiotic stressrelated, genes: research leading to an understanding of such interactions at the molecular level could in itself provide insights on the physiology of environmental stresses, of disease and their interactions.
Conclusions and perspectives
This review addressed a series of facets of one complex disease of rice. Many of the questions listed in the introduction remain unanswered or addressed in a qualitative rather than in a quantitative manner. Central to explain the behaviour of the BS pathosystem and control are the linkages between the pathogen, the host and their environments with numerous factors involved. This review also underscores the need for a better quantification of processes involved in the life cycle of the pathogen. This particularly concerns the measurement of the latency period, its variability and the effect of environmental factors. Measuring the infectious period would also enable a complete quantitative coverage of the monocycle in BS, with several applications, one of them being a full development of operational definitions for components of resistance.
Another area concerns the complex soil water/ nutrient-plant physiology-plant susceptibility interactions where a systems approach at different levels of biological integration addressing the host crop, its physiology, a pathogen, their biological and physical environments and their interactions is required. The factors involved are so numerous; the interactions so complex and often non-linear, that only a strong modelling effort could ensure progress. The work conducted by Carvalho et al. (2010) demonstrated that a whole-plant approach is necessary and could be very rewarding in both the fields of breeding and biocontrol.
Despite the progress recently achieved in the area of characterizing sources of resistance and their genetic bases, this area suffers of a lack of connection with the host-pathogen relationships and their translation in epidemics. Another area of priority concerns the development of methods to measure the disease response, within its cycle: only accurate, standardized, information on the variation of components of resistance will enable to guide breeding, as well as biocontrol research. Here again, simulation modelling could provide a useful operational framework.
Many farmers in South Asia, particularly India, are practising biological control of BS and other fungal diseases of rice. Seed treatment with biocontrol agents is becoming increasingly popular. Research into the mechanisms underpinning biocontrol agents interactions with host plant resistance and plant physiology and the contribution of biocontrol agents to nutrient uptake, better growth, tolerance to environmental stresses, could pave the way towards novel understandings of plant-pathogen interactions, as well as providing means to sustain the adoption of durable disease management practices by farmers.
This review highlights that brown spot remains a poorly defined rice crop health problem being a reflection of the large number of factors determining the course of epidemics and their outcomes. While a lack of understanding of the pathogen's life cycle and how it is influenced by environmental factors contributes to this poor definition, understanding the effects of global change and of shifts in socio-economic contexts, which determine crop management and inputs, make BS a marker of global and climate changes. Such interactions are not unique. Brown spot may thus be seen as a model system to characterize the behaviour of many complex pathosystems responding to unfolding climate and global changes.
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